Abstract The Antarctic Peninsula has warmed significantly since the 1950s. This pronounced and isolated warming trend is collectively captured by 29 twentiethcentury climate hindcasts participating in the version 3 Coupled Model Intercomparison Project. To understand the factors driving warming trends in the hindcasts, we examine trends in Peninsula region's atmospheric heat budget in every simulation. We find that atmospheric latent heat release increases in nearly all hindcasts. These increases are generally anthropogenic in origin, and account for about 60% of the ensemble-mean warming trend in the Peninsula. They are driven primarily by wellunderstood features of the anthropogenic intensification of global hydrological cycle. As sea surface temperature increases, moisture contained in atmospheric flows increases. When such flows are forced to ascend the Peninsula's topography, enhanced local latent heat release results. The mechanism driving the warming of the Antarctic Peninsula is therefore clear in the models. Evidence for a similar mechanism operating in the real world is seen in the increasing snow accumulation rates inferred from ice cores drilled in the Peninsula. However, the relative importance of this mechanism and other processes previously identified as potentially causing the observed warming, such as the recent sea ice retreat in the Bellingshausen Sea, is difficult to assess. Thus the relevance of the simulated warming mechanism to the observed warming is unclear, in spite of its robustness in the models.
Introduction
Observations in the Southern Hemisphere high-latitudes reveal that the Antarctic Peninsula has warmed significantly since the 1950s (King 1994; Comiso 2000; Marshall et al. 2002; Vaughan et al. 2003; Turner et al. 2005; Chapman and Walsh 2007; Monaghan and Bromwich 2008; Turner et al. 2007; Orr et al. 2008) . In some locations, the annual-mean warming trend may be as large as 0.5 K decade -1 . Successive losses of ice shelves on the Antarctic Peninsula (Vaughan and Doake 1996; Shepherd et al. 2003; Turner et al. 2005; Cook et al. 2005 ) may be among the dramatic impacts of the warming. Comparison with temperature variability simulated by climate models suggests the observed warming is at least partly anthropogenically-forced (Gillett et al. 2008) . Nevertheless, anthropogenic warming in the rest of the Southern Hemisphere high-latitudes has not been unambiguously detected, especially in the interior of Antarctica continent where both warming and cooling trends have been reported (Thompson and Solomon 2002; Turner et al. 2006; Chapman and Walsh 2007; Steig et al. 2009 ).
The seemingly isolated warming in the Peninsula region is enigmatic, given the fact that anthropogenic forcings in the Southern Hemisphere high-latitudes, such as the increase in atmospheric greenhouse gas concentration, or depletion in the Southern Hemisphere stratospheric ozone, are largely uniform or at least zonally symmetric. Previous work has attributed the warming in part to the observed positive trend in the Southern Annular Mode (SAM), the dominant large-scale mode of atmospheric variability of the Southern Hemisphere extratropics (Thompson and Wallace 2000; Thompson and Solomon 2002; Gillett and Thompson 2003; Marshall 2007; Orr et al. 2008) . The observed SAM trend may be forced by either an increase in atmospheric greenhouse gas concentration or depletion in the Southern Hemisphere stratospheric ozone or both (Arblaster and Meehl 2006; Cai and Cowan 2007) . It has been hypothesized that during the SAM's positive phase, westerly flow in the Southern Hemisphere high-latitudes intensifies, enhancing atmospheric heat transport from the nearby ocean to the Peninsula and contributing to the observed warming. Warming could be further enhanced in the leeward slope of the Peninsula where the SAM trend induces a regional circulation shift from a ''blocked'' regime to a ''flow-over'' regime, leading to strong adiabatic warming van Lipzig et al. 2008; Orr et al. 2008) . Nevertheless, there is clearly evidence suggesting that mechanisms other than the SAM trend may also contribute to the observed Peninsula warming. For example, a considerable portion of the observed warming is found to be unrelated to the SAM trend during austral summer and fall when the observed SAM trend is largest (Thompson and Solomon 2002) , and the observed warming is greatest in austral winter when there is no significant SAM trend (Vaughan et al. 2003; Turner et al. 2005; Chapman and Walsh 2007; Marshall 2003) . We note that the wintertime warming in the Peninsula has also been linked to the recent sea ice retreat in the Bellingshausen Sea (King 1994; van den Broeke 2000; Marshall et al. 2002) , though the extent to which this relation is causal is not clear.
In this study we diagnose anthropogenic mechanisms affecting the thermal balance of the Antarctic Peninsula in the 29 twentieth century climate hindcasts done with 12 climate models (see Table 1 for details) participating in the version 3 Coupled Model Intercomparison Project (CMIP3). We do not analyze the mechanisms behind the observed warming directly in this study. (This is likely an impossible task given the lack of multi-decadal observations of the atmospheric state in this region.) However, over the period corresponding to the available instrumental record, the models collectively exhibit a pronounced and isolated warming trend in the Antarctic Peninsula (Fig. 1) . The qualitative similarity to the observed distribution of Southern Hemisphere temperature change suggests the simulated mechanisms leading to warming in the Peninsula may be relevant to the real world. Moreover, the anthropogenic mechanisms seen in the models may indicate what processes are likely to generate future change in the region. The CMIP3 archive is also particularly valuable in our effort to diagnose specifically anthropogenic mechanisms because it contains output from pre-industrial control experiments with the same models used to perform the twentieth-century hindcasts. Comparison of the trends in the hindcasts to internally-generated trends in the control experiments allows anthropogenic influences in the hindcasts to be detected objectively.
To understand the factors driving warming trends in the hindcasts, we examine trends in Peninsula region's atmospheric heat budget in every simulation. We search for credible mechanisms of clearly anthropogenic origin that are qualitatively similar across the models. Our premise is that model agreement signifies a high degree of scientific credibility when associated with common, physically plausible processes. It turns out that atmospheric latent heat release in Peninsula region increases in nearly all hindcasts, and emerges as a dominant heat source for warming trends in the hindcasts. These increases are largely driven by welldocumented and well-understood anthropogenic increases in poleward moisture transports associated with the intensification of global hydrological cycle (Manabe et al. 1990; Alexeev et al. 2005; Held and Soden 2006; Cai and Lu 2007; references therein) . Our analysis has been done with both annual-and seasonal-mean data, and results from both analyses turn out to be largely consistent. For this reason and also for clarity, only the annual-mean analysis is discussed in detail below. For completeness, though, we will touch on seasonal variations. The study is presented as follows: Data and methodology are described in Sect. 2, followed by discussions of temperature trends in Sect. 3 and heat flux trends in Sect. 4. The potential linkage of simulated latent heat trends and SAM trends is discussed in Sect. 5. In Sect. 6, because of their central role in the warming of the Peninsula, we examine factors modulating simulated latent heat trends. Summary and implications are given in Sect. 7. Relevant information on pre-industrial control experiments is included in the Appendix.
Data and methodology
Simulated climate is examined in 29 twentieth-century simulations done with 12 CMIP3 models (see Table 1 ). In these simulations, historical twentieth-century forcing was imposed. (Though both natural forcing such as volcanic eruptions and variations in solar irradiance and anthropogenic forcing are applied, simulated twentieth-century Table 1 ). Surface air and sea surface temperature are used in trend calculations for land and oceanic locations, respectively. The land area within the black box (55°-80°W, 62°-77°S) in a is used to construct regionalmean trends of temperature and heat fluxes in the Antarctic Peninsula throughout this paper The trend in surface temperature for the period 1958-2000 is first computed for each location in the Southern Hemisphere mid-to-high latitudes and for every twentieth-century hindcast. We then average the trend over the Peninsula (land areas within the black box in Fig. 1a , a definition used hereafter). To detect anthropogenic warming signatures in the region, we compare the magnitude of the spatially-averaged trend to those of simulated internally-generated trends in all consecutive 43-year periods in the accompanying pre-industrial control experiment done with the same model. If less than 5% of simulated internal trends exceed the hindcasted trend, then the hindcasted trend is considered at least partly anthropogenically-forced. Otherwise, the hindcasted trend is considered to be internally generated. Hindcasts with detectable anthropogenic warming in the Peninsula are referred to as ''warming'' hindcasts hereafter, while hindcasts without are referred to as ''nonwarming'' hindcasts. Using this criterion, we identify 19 ''warming'' and 10 ''nonwarming'' hindcasts (see Table 1 ). Visual inspection of the 5-6th columns of Table 1 reveals that hindcasts done with the same model may fall into different categories occasionally. This is to be expected since the detectability of anthropogenic climate change is affected by the phasing of internally-generated climate variability. For example, internally-generated cooling trends may counteract anthropogenic warming trends, delaying the detectability of anthropogenic climate change in ''nonwarming'' hindcasts. Thus the failure of any particular ''nonwarming'' simulation to simulate warming in the Peninsula does not necessarily imply that simulation does not simulate anthropogenic mechanisms generating warming in the Peninsula. For this reason we use all hindcasts including the ''nonwarming'' hindcasts in our heat budget analysis described below.
To disentangle the factors driving temperature trends, we construct a time series of changes in the atmospheric heat budget in the simulations. We represent the change in the heat budget within a single year (or a single season) at each location as:
where D e T is the change in vertically-integrated and massweighted tropospheric (from the surface to 300 hPa) temperature between the first and last days of each year (Jan. 1 and Dec. 31) or each season (i.e., Jun. 1 and Aug. 31 in case of austral winter), and C p is the heat capacity of air. (Since daily data is generally not available in the CMIP3 archive, daily e T is obtained by interpolating monthly e T of the associated two consecutive months.) LH, SH, SW, LW and SF are, respectively: the convergence of verticallyintegrated atmospheric latent heat transport, convergence of vertically-integrated atmospheric sensible heat transport, top-of-the-atmosphere (TOA) net shortwave radiation flux, TOA net longwave radiation flux and net surface heat flux. LH is evaluated by ðP À EÞ Á L; where P, E and L are precipitation, evaporation and latent heat of condensation, respectively. Note that the latent heat of fusion is included in the value of latent heat of condensation used here, under the assumption that precipitation in the Peninsula overwhelmingly takes the form of snow. SW, LW and SF are evaluated from TOA radiation fluxes, surface radiation fluxes, and surface sensible and latent heat fluxes, all available directly from the simulations.
It is impossible to evaluate SH directly since the daily data needed to do so is not available in the CMIP3 archive for most simulations. Here we evaluate it as the residual between C p D e T and the sum of LH, SW, LW and SF. This approach based on energy conservation is valid because there are virtually no errors in the estimates of LH, SW, LW and SF. Interpolation may introduce errors in the estimates of daily e T . But, since the product of C p and D e T , the term on the left side of Eq. 1, is typically 2 orders of magnitude smaller than the other terms in the equation, they are unlikely to introduce significant errors into the estimates of SH.
Our sign convention is that positively-(negatively-) signed heat flux corresponds to heating (cooling) of the atmosphere. We note that since C p D e T is typically very small, the yearly temperature change is determined by competition among warming and cooling heat flux anomalies nearly equal in magnitude. A warming trend arises when the heat flux anomalies causing warming increase steadily from year to year, and consistently win the competition with the heat flux anomalies causing cooling.
Once the heat budget change and its components are calculated for each year, trends in these quantities can be calculated. We then average the trends over the Peninsula. Trends with a positive sign sustain warming or counteract long-term cooling in the Peninsula, while those with a negative sign have the opposite effect. The same criterion used to determine whether temperature trends have an anthropogenic component is applied to the time series of heat budget components to determine whether they are anthropogenically-forced. Since surface temperature is more frequently measured than temperature aloft, we use surface temperature rather than e T in all our analysis except for estimating SH to facilitate model/observation comparison. Our analysis is not particularly sensitive to the choice of temperature variable as temperature trends are largely coherent within the troposphere (Fig. 2) .
A SAM index proposed by Gong and Wang (1999) is used here to quantify simulated SAM variability and trends. It is defined as the difference in normalized zonalmean sea level pressure between 40°and 65°S. The use of this definition facilitates the model/observation comparison as it has been used in previous observational SAM analyses (i.e., Marshall 2003) . Note that this index is almost perfectly correlated with an alternative definition using the time series associated with the first empirical orthogonal function of sea level pressure anomalies south of 20°S in all models.
Two observational surface temperature data sets are used here to validate hindcasts. One is compiled by Chapman and Walsh (2007, referred to as CW hearafter) from station, ship and buoy observations. It covers the area south of 40°S and provides surface air temperature over land and sea surface tempeature over ocean on a 1°9 1°g rid. As noted above, we extract the same quantities from hindcasts to facilitate model/observation comparison. The other is reconstructed by Monaghan et al. (2008a, referred to as MBCC) based on station observations archived in the Reference Antarctic Data for Environmental Research database (Turner et al. 2004) . It covers only the Antarctic continent and is also provided on a 1°9 1°grid. The two data sets differ in the way of interpolating data where there are no observations. Chapman and Walsh (2007) use natural neighbor interpolation, while Monaghan et al. (2008a) use the spatial relationships established by a numerical model. Fortunately, this difference does not introduce a significant inconsistency in estimates of the warming trend in the Peninsula region (Table 2) .
3 Temperature trends Figure 1a shows the geographic distribution of observed annual-mean temperature trends in the Southern Hemisphere mid-to-high latitudes based on the CW data set. Maximum warming occurs in the Peninsula and nearby ocean. The regionally-averaged temperature trend in the Peninsula is 0.31 K decade -1 (Table 2) . A similar trend is also obtained based on the MBCC data set. Significant Table 2 Observed trends (K decade warming also occurs in oceanic areas to the north of the Peninsula, centered a few hundred km northeast of Falkland Islands with a magnitude of about 0.25 K decade -1 . The rest of the region exhibits either small warming or cooling. The geographic distribution of the ensemble-and annual-mean temperature trend in all hindcasts is shown in Fig. 1b . Simulated warming is enhanced over the Antarctic Peninsula, in rough agreement with observations. Nevertheless, the hindcasts as an ensemble slightly underestimate warming in the Peninsula. The ensemble-mean regional warming is only 0.23 K decade -1 , about 30% smaller than the observed (Table 2 ). The underestimation of the observed warming trend by hindcasts is even more obvious in the ocean near the Peninsula. The observed trend there can reach 0.35 K decade -1 or higher, while the ensemblemean trend is barely 0.1 K decade -1 . The observed oceanic warming is likely associated with recent sea ice retreat in the Bellingshausen Sea. Thus this underestimation may be an indication that hindcasts as an ensemble do not simulate a sea-ice retreat comparable to observations.
Comparison of the patterns of temperature trend in Fig. 1a , b reveals that the ensemble-mean warming is much more uniform than the observed warming. One way to reconcile this inconsistency is that while observed warming may be a mix of internally-generated climate variability and anthropogenic climate change, the ensemble-mean warming is likely dominated by anthropogenic climate change. Anthropogenic climate change is likely more uniform than internally-generated climate variability.
The geographical distribution of the ensemble-and annual-mean temperature trend in the 19 ''warming'' simulations is shown in Fig. 1c . Not surprisingly, the ensemble-mean warming trend in the Peninsula in these hindcasts is much greater than the ensemble-mean of all hindcasts, and thus in better agreement with observations. Nevertheless, the difference in the ocean near the Peninsula remains.
The distribution of the ensemble-and annual-mean temperature trends in the ''nonwarming'' experiments is shown in Fig. 1d . These experiments exhibit a different pattern of temperature change throughout the Southern Hemisphere high-latitudes than their ''warming'' counterparts. They show some warming in the interior of Antarctica, but little in the Antarctic Peninsula, and even exhibit cooling in much of the Southern Ocean, especially near the Weddell and Ross Seas. A closer inspection of temperature time series averaged over the Weddell and Ross Seas in the ''nonwarming'' experiments (not shown) reveals that the oceanic cooling trends of Fig. 1d are very likely the signature of internally-generated variability of decadal or longer time scale. This is confirmed by a significance test of the oceanic trends against internal climate variability in the corresponding control experiments. These internally-generated cooling trends probably counteract anthropogenic warming in the Antarctic Peninsula through horizontal temperature advection, resulting in generally smaller Peninsula warming seen in Fig. 1d .
The observed warming in the Peninsula shows a clear seasonal dependence (King 1994; Comiso 2000; Marshall et al. 2002; Vaughan et al. 2003; Turner et al. 2005; Chapman and Walsh 2007; Monaghan and Bromwich 2008; Orr et al. 2008) , though warming occurs in all seasons. The Peninsula temperature trend in austral fall (MAM) and winter (JJA) is larger than that in spring (SON) and summer (DJF). This is true for both CW-and MBCCbased estimates. Note that the MAM temperature trend based on the MBCC data set is almost twice that based on the CW data set, an inconsistency likely attributable to differences in their interpolation methods, discussed above. The ensemble-mean temperature trend also exhibits similar seasonal variations, albeit somewhat smaller than observations.
Intermodel variations in simulated Peninsula temperature trends are represented by the 5 and 95 percentiles shown in Table 2 . These variations may stem partly from differences in the phasing of internal variability. We note that model/observation differences in temperature trends are generally much smaller than either intermodel variations in temperature trends or statistical uncertainties in the estimates of observed trends, represented by the 95% confidence limits. Thus the observed record of climate change in the Peninsula region is well within the range of possible outcomes captured by the ensemble of hindcasts.
Heat flux trends
To understand the factors driving simulated warming trends in the Peninsula, we examine simulated heat flux trends in this section. The ensemble-and annual-mean LH, LW, SF, SW and SH trends in the Peninsula are 0.86, 0.09, -0.13, -0.27 and -0.55 W m -2 decade -1 , respectively (Table 3) . Thus LH and LW trends generally contribute to warming, with the former being overwhelmingly dominant, while the SF, SW and SH trends lead to Fig. 3 , segregated by ''warming'' and ''nonwarming'' experiments. A overview of signs and magnitudes of the trends as well as the detectability of an anthropogenic component within them is given in Table 4 .
Trends causing warming
Since we are concerned with the causes of simulated warming in the Peninsula, we first examine the heat flux trends leading to warming. We find the LH trend acts to warm the Peninsula in 26 hindcasts, including most ''nonwarming'' hindcasts, while the warming effect of other trends is seen much less consistently. Comparison of the trend magnitudes in each hindcast reveals that the LH trend is the dominant positive trend in 79% of the hindcasts. Finally, an anthropogenically-generated positive LH trend is detected in about half the simulations, much more often than other trends. Even of the ten simulations that do not exhibit detectable anthropogenic warming, two exhibit positive LH trends of anthropogenic origin (Fig. 3b) . In short, the LH trend emerges as distinct from the other flux trends potentially affecting the Peninsula's thermal balance in the positive sense. It is positive in nearly all hindcasts, it is typically larger than the other trends, and it often has a detectable anthropogenic component. We note that LH trends are also a dominant contributor to warming in the Peninsula in all seasons (Table 3) . While the focus of this section is mainly on the origin of the overwhelmingly dominant positive LH trends, for the sake of completeness we briefly discuss the origin of the generally positive LW trends. The LW trends include effects from both radiative forcing (resulting from anthropogenic increase in atmospheric greenhouse gas concentration) and LW radiative feedbacks. To separate these two effects, we estimated the radiative forcing in the Peninsula for the 1958-2000 period. Unfortunately, the forcing is only available for one model (IPSL CM4), being about 0.17 W m -2 decade -1 averaged over the Peninsula. Assuming this is a reasonable estimate of the forcing for all simulations, the effect of LW radiative feedbacks on the LW trend can be approximated by subtracting the LW trend from this value. We find that 62% of the hindcasts exhibit a small negative LW trend after the effect of radiative forcing is removed (not shown). This suggests that the warming effect of the LW trend is largely due to radiative forcing and any remaining LW radiative feedback effects generally lead to cooling. In any case, the warming effect of radiative forcing trend is dwarfed by the typical LH trend, so that any simulated warming seen in the Peninsula is generally impossible to understand in terms of radiative forcing alone.
It is possible to quantify the contribution of LH trend to the Peninsula temperature trend by multiplying the magnitude of each LH trend with a coefficient representing the magnitude of the temperature anomaly induced by a unit change in LH. This coefficient can be calculated based on the pre-industrial experiments by regressing each temperature time series onto the respective LH time series. Using this method, we estimate the ensemble-and annual-mean temperature trend induced by the LH trend is 0.13 K decade -1 . Thus approximately 60% of the overall ensemblemean warming in the Peninsula can be attributed to the LH trend. The remaining 40% may be induced by the anthropogenic forcing itself.
Insight into the origin of the large and robust positive LH trends may be found in their ensemble-mean geographic distribution (Fig. 4) . The trend is largely zonally symmetric and generally positive in the Southern Ocean, while negative further north. This pattern implies an increase in poleward latent heat transport from roughly 50°S to 70°S. This is consistent with robust and wellknown features of the anthropogenic intensification of the global hydrological cycle (Manabe et al. 1990; Alexeev et al. 2005; Held and Soden 2006; Cai and Lu 2007; references therein) . We note that a positive SAM trend could also induce a pattern of LH trend similar to Fig. 4 . But, as discussed in Sect. 5 below, the magnitudes of the LH trends induced by simulated SAM trends are generally much smaller than those in Fig. 4 . Another noticeable feature of Fig. 4 is the significantly larger positive values in the Peninsula region than the rest of Antarctica. This regional enhancement of poleward LH transport may occur because the Peninsula protrudes northward into the latitude belt where LH transport increases. Orographically-induced condensation, as moister flows predominantly from the northwest are forced up the Peninsula's western side, likely also contributes to the enhancement. Evidence of this effect may be seen in the excess LH trends west of Peninsula's central spine. The local maximum in LH trends may also be displaced to the Peninsula's west because of orographic blocking of atmospheric flows, forcing ascent and condensation in advance of the land mass itself. This effect has been shown to be important in a climatological sense in other coastal regions (Jiang 2003; Neiman et al. 2004; Galewsky 2008; Hughes et al. 2009 ). Since the ensemblemean warming in 29 hindcasts is also enhanced over the Antarctic Peninsula (Fig. 1) , the match of this pattern to the noticeable enhancement of the LH trends over the Peninsula is further evidence that in an ensemble-mean sense simulated Peninsula warming arises mostly from the LH increase. Warming in and around the Peninsula may be somewhat less concentrated geographically than the LH trend because of lateral redistribution of heat by atmospheric motions.
Though the LH trend in the rest of Antarctica is generally much smaller than that in the Peninsula (Fig. 4) , it turns out to be a dominant contributor to the continentalscale warming seen in Fig. 1b . As show in Table 5 , the ensemble-and annual-mean LH trends averaged in the Antarctic continent excluding the Peninsula is positive and larger than other positive trends such as the SH trend. The regionally-averaged radiative forcing, estimated to be 0.12 W m -2 decade -1 , is also smaller than the LH trend. It is worth pointing out that our finding here is not inconsistent with previous work suggesting that simulated warming in Antarctica is strongly correlated with simulated increase in downward longwave radiation at the surface (DLWS, Monaghan et al. 2008b ). Simulated DLWS increase may stem from (1) the increase in the effective emissivity of the atmosphere due to an increase in atmospheric greenhouse gas concentration, the very effect represented by radiative forcing and (2) atmospheric warming induced by other processes such as the LH increase. In fact, we find that the DLWS trend is strongly correlated with the LH trend across hindcasts (the correlation coefficient is 0.75), an important line of evidence that the LH increase may significantly contribute to the increase in DLWS.
The Southern Ocean region also generally exhibits a large increase in poleward LH transport in hindcasts (Fig. 4) . However, this has a negligible effect on sea surface temperature because of system's large effective heat capacity here, a well-known feature of transient climate Fig. 4 Geographic distribution of the ensemble-and annual-mean trend in latent heat transport in 29 hindcasts change. For example, when we examine the models' atmospheric heat budgets in the Southern Ocean region, we find that the increase in LH transport is primarily compensated by a decrease in net upward surface heat flux (not shown). The accompanying increase in oceanic heat storage is then effectively distributed over a large enough portion of the water column to prevent any appreciable surface warming. The intermodel variability in the LH flux trend seen in Fig. 3 provides an opportunity to examine the mechanistic link between the LH flux trend and the temperature response of the Southern Hemisphere further. If increased LH fluxes really are responsible for simulated warming in the Peninsula, models with larger increases in LH fluxes ought to warm more. We test this hypothesis by correlating LH trends with temperature trends across the 29 simulations at each location. The relationship between LH and temperature trends is strikingly different over Antarctica and the surrounding oceans (Fig. 5) . The warming effect of increased LH transport into the Peninsula is clearly supported by the large and statistically significant positive correlation between the LH and temperature trends there. Significant positive correlation is also seen in much of the rest of Antarctica, suggesting increased LH transport controls the magnitude of warming there as well, likely by increasing downward longwave radiation at the surface (Fig. 1) . Nevertheless, warming there is generally smaller than in the Peninsula region, consistent with typically much smaller LH trends in the rest of Antarctica (Fig. 4) . The correlations in oceanic areas are usually negative, likely due to the fact that warming of the sea surface favors an increase in evaporation.
Trends causing cooling
The analysis of the previous section demonstrates that simulated warming in the Antarctic Peninsula is generally caused by an increase in latent heat transport due to an intensifying global hydrological cycle. Next we examine the origins of heat flux trends counteracting the warming of the region.
Based on the ensemble-and annual-mean figures, about 42% of the heat gained from the LH and LW increases is compensated by the combined SF and SW reductions, while the remaining 58% is compensated by the SH reduction. The SH reduction thus emerges as the dominant cooling mechanism in the Peninsula. This reduction in sensible heat flux into the Peninsula region may simply arise from the fact that simulated warming is enhanced in the Peninsula, leading to a thermal damping of the local temperature anomaly. As shown in Fig. 1 , the Peninsula generally warms more than the surrounding ocean, reducing the thermal contrast between the two areas. Assuming the diffusive effects of regional atmospheric circulation are largely unchanged over the course of the hindcasts, this will result in a reduction of SH.
The reduction of SH is the dominant cooling mechanism in the Peninsula not only in the ensemble-mean, but also in most individual simulations. The magnitudes of SH trends are larger than those of other negative trends in 62% of the simulations (Table 4) . Strong evidence that the SH trend can be viewed as the signature of a thermal damping process is the very strong anti-correlation between LH and SH trends across simulations (the correlation coefficient is -0.90, Fig. 6 ). Simulations with a larger LH increase nearly always exhibit a relatively large SH reduction. The most straightforward way to interpret this anti-correlation is that the SH is responding to the LH increase. The fact that the SH trends tend to be somewhat smaller in magnitude than the LH trends is also consistent with the idea that the SH cooling is the damping response to the LH-driven warming. The LH increase can be viewed as a non-radiative anthropogenic forcing arising from the intensification of the hydrological cycle, and the SH reduction as a response to the resulting warming. In this sense, it is a negative feedback, restoring the region's thermal balance. No such tight relationship exists between the LH and other flux trends typically causing cooling such as SF and SW. We note that strong SH cooling is consistently seen in all seasons, and is dominant over other cooling trends in 3 out of 4 seasons (Table 3) .
For the sake of completeness, we also briefly examine trends in the other two fluxes that typically suppress warming, but are generally much less dominant than SH: surface heat flux (SF), and shortwave flux (SW). The cooling effect of the typical surface heat flux (SF) trend in the Peninsula arises from the fact that the surface generally takes up heat in a warming climate. However, this effect is typically very small (Fig. 3) , due to the small heat capacity of the ice-covered surface in the Peninsula. The cooling effect of the typical SW trend results mainly from an increase in cloudiness. We find that 84% of the simulations exhibit an increase in cloudiness, with the ensemble-mean trend being about 0.28% decade -1 (not shown). This is consistent with the increase in precipitation implied by Fig. 4 and the positive LH trend in the Peninsula.
Links to the SAM
It has been suggested that during the SAM's positive phase, the Antarctic Peninsula is generally wetter (van den Broeke and van Lipzig 2004; Thomas et al. 2008) . It is thus possible that some of the LH increases discussed above are induced by positive SAM trends in the hindcasts. In fact, we find that 10 out of 12 models exhibit positive SAM trends of anthropogenic origin in at least one run (Fig. 7) . This is roughly consistent with observations (i.e, Marshall 2003), though as an ensemble, hindcasts underestimate observed SAM trend by about 20% (Table 6 ). The underestimation is seen in almost all seasons except for SON, when hindcasts greatly overestimate the observed trend. Nevertheless, the seasonal variation of the observed SAM trend is captured reasonably well by hindcasts. There are large differences in the magnitudes of the trends within different runs of the same models (for example, CGCM3.1(T47), GFDL CM2.0 and MRI CGCM2.3.2), suggesting that the simulated SAM trends are significantly influenced by internal SAM variability. We note that some hindcasts (blue points in Fig. 7) do not account for the depletion of the Southern Hemisphere stratospheric ozone. Yet about 40% of these hindcasts exhibit anthropogenically-forced positive SAM trends, an indication that the increase in atmospheric greenhouse gas concentration could be inducing at least part of SAM trends in all hindcasts.
To determine how large the LH increases associated with these simulated positive trends might be, we first examine the SAM-LH relationship in the context of internal climate variability. This is done by correlating interannual variations in the SAM index and LH in pre-industrial control experiments. The geographic distribution of the ensemblemean correlation between interannual variations in the SAM index and LH in 12 pre-industrial control experiments is shown in Fig. 8a . The correlation is largely zonally symmetric and generally positive in the Southern Ocean, while negative further north and in the interior of Antarctica. This is consistent with the simulated pattern of precipitation anomalies during the SAM's positive phase (Boer Karpechko et al. 2009 ). The correlation is generally positive in the Antarctic Peninsula, especially in the western part, consistent with previous work that the Antarctic Peninsula is generally wetter during the SAM's positive phase.
Given this linkage between the SAM and the Peninsula LH, the magnitude of LH trend induced by the SAM trend can be estimated by multiplying the magnitude of the SAM trend with a coefficient representing the magnitude of the LH anomaly induced by a unit change in the SAM index. This coefficient can be estimated based on the pre-industrial experiments by regressing LH time series onto the time series of SAM index. Using this method, we estimate the LH trend induced by the SAM trend at each location for each hindcast. The geographic distribution of the ensemble-mean SAM-induced LH trend is shown in Fig. 8b . Not surprisingly, the pattern of SAM-induced LH trend is similar to the correlation pattern of Fig. 8a . The pattern also bears some resemblance with that of the overall LH trend shown in Fig. 4 . Nevertheless, the typical magnitude of the SAM-induced LH trend in most of the Southern Hemisphere mid-to-high latitudes is much smaller than that of the overall LH trend. (Note that the color bars of Figs. 4 and 8b are identical.) In the Peninsula, ensemble-mean SAM-induced LH trend is only 0.23 W m -2 decade -1 , less than 1/3 of total LH trend (Table 7) . This is consistently seen in all seasons. It is also seen in about 2/3 of models. Thus the bulk of LH trend in the Peninsula is generally driven by the intensification of global hydrological cycle rather than the SAM trends. We note that although most simulations exhibit other circulation changes in the Peninsula, these changes are generally inconsistent across simulations. Thus as an ensemble, they contribute little to the pattern of LH trend shown in Fig. 4 .
Factors modulating the LH trends
The regionally-averaged LH trend in the Peninsula differs significantly from simulation to simulation. The annualmean LH trend, for example, ranges from -0.51 to 2.50 W m -2 decade -1 (Fig. 3) , causing intermodel differences in the warming in the Peninsula (Fig. 5) . Here we (a) (b) Fig. 8 a Geographic distribution of the ensemble-mean correlation between annual-mean time series of latent heat transport and the SAM index in 12 pre-industrial control experiments. The correlation at each location is first computed for each experiment and then averaged over all experiments to obtain the ensemble-mean. In most of the experiments, thresholds for correlation with the significance level above 95% is ± 0.1. Note that the pattern shown here is similar across experiments. b Geographic distribution of the ensemble-and annual-mean latent heat trend induced by the SAM trend. First, a regression coefficient relating the SAM variations to latent heat variations in each pre-industrial control experiment is computed at each location. Then, the regression coefficient is multiplied by the annual-mean SAM trend simulated in the corresponding twentiethcentury hindcasts to obtain the SAM-induced latent heat trend. Finally, the resultant product is averaged over 29 hindcasts to obtain the ensemble-mean determine what causes the LH trend to vary so much. We identify two main factors: (1) oceanic warming to the north of the Peninsula and (2) models' representations of the Peninsula's topography. Simulated SAM trends hardly contribute to differences in the LH trends across hindcasts, consistent with the fact that their contributions to the LH trends are generally very small. In the mean climate, the water vapor flux is poleward in the mid-to-high latitudes of both hemispheres (Hartmann 1994) . It follows that warming and associated increases in atmospheric moisture content in mid-latitudes will lead to increases in poleward water vapor flux to higher latitude locations such as the Antarctic Peninsula. Greater warming ought to lead to larger increases in atmospheric moisture content and proportionately larger increases in poleward water vapor flux. To illustrate how this process is manifested in the case of the Antarctic Peninsula, we correlate the Peninsula LH trends with temperature trends at every location in the Southern Hemisphere mid-to-high latitudes. As expected, we find that the LH trends are most closely associated with temperature anomalies in an oceanic region a few hundred km to the north (Fig. 9) . Simulations with more warming in a southwest Atlantic region centered roughly on the Falkland Islands tend to have larger LH trends in the Peninsula region. Warming in Southwest Atlantic increases local atmospheric moisture content, and the anomalous water vapor is then transported poleward into the Peninsula by atmosphere motions. This results in more precipitation and LH release as the moister flows are forced up and over the Peninsula. Note that the Southwest Atlantic is also where significant warming is seen in observations (Fig. 1a) .
To the extent that the correlations in the Southwest Atlantic in Fig. 9 are less than one, factors other than warming in this region may affect the simulated LH trends in the Peninsula. Because orographically-induced condensation is likely greater in models with higher elevation, the models' representations of mean elevation of the Peninsula may be just such a factor. Fig. 10 shows the mean elevation of the Antarctic Peninsula in the models. It is generally around 400 m, but with a few exceptions. The mean elevation in CSIRO Mk3.5 and CGCM3.1(T47) is only about Fig. 10 The mean elevation of the Antarctic Peninsula in 12 models. It is calculated by averaging the elevation of grid points in the Peninsula region with at least 30% of their areas covered by land. The numbers of simulations (see Table 1 ) are shown on the x-axis. Models are grouped into three categories, ''low elevation'', ''medium elevation'' and ''high elevation'', according to the mean elevation. The ''low elevation'' models include CSIRO MK3.5 and CGCM3.1(T47), the ''high elevation'' models include CNRM-CM3 and ECHAM5/MPI-OM and the ''medium elevation'' models include the rest of the 12 models. The green line represents the ensemblemean and the red line the observed elevation of the Peninsula The ensemble-mean of overall latent heat trends in the Peninsula is included here for comparison 200 m, while it is nearly 600 m in CNRM-CM3 and ECHAM5/MPI-OM, much closer to the observed value of 520 m (Liu et al. 2001 ). These differences correspond loosely to the model's respective resolutions. For example, CGCM3.1(T47) has the coarsest resolution among all models, while ECHAM5/MPI-OM has the second finest resolution. Somewhat surprisingly, large differences are also seen in models of comparable resolution. For example, CSIRO Mk3.5 and CNRM-CM3 both have medium resolutions, being about 1.9°9 1.9°and 2.8°9 2.8°, respectively, but the mean elevation in the two models exhibits a threefold difference. To illustrate how the mean elevation of the Peninsula modulates the LH flux trend, we divide the models into three categories, ''low elevation'', ''medium elevation'' and ''high elevation'', a grouping suggested by the elevation distribution of Fig. 10 . Composites of the LH trend are calculated at every location in the Southern Hemisphere mid-to-high latitudes for the three groups (Fig. 11) . As the mean elevation increases, LH trends in the Peninsula increase markedly. Regionally-averaged LH trends in the Peninsula are 0.43, 0.85 and 1.57 W m -2 decade -1 in models with low, medium and high elevation, respectively. Since the mean elevation in the models is generally less than that of the real world, the simulated LH flux increases and the associated warming may be unrealistically weak in the simulations.
Summary and implications
In this study, we examine simulated warming in the Antarctic Peninsula in 29 twentieth-century hindcasts and demonstrate that increases in latent heat transport into the Peninsula region are its most important cause. Simulated increases are primarily driven by well-documented and well-understood anthropogenic intensification of global hydrological cycle and to lesser extent, positive SAM trends. In the models, the magnitude of the latent heat transport increases may be affected by the temperature increase in the Southwest Atlantic and the resolution of the topography in the Peninsula region.
While this mechanism is very robust in models, its relevance to the observed warming is difficult to assess, due to lack of direct measurements. There are certainly some indications for an increase in latent heat release in the real world. For example, the snow accumulation rate inferred from ice cores drilled in the Peninsula has been increasing since the 1950s (Thomas et al. 2008) . It is, nevertheless, impossible to quantify the contribution of this increase to the observed warming. Previous studies have also linked the observed warming to the recent sea ice retreat in the Bellingshausen Sea (King 1994; van den Broeke 2000; Marshall et al. 2002) . This mechanism is difficult to assess using the methodology of this study because hindcasts do not simulate a sea ice retreat comparable to observations in an ensemble-mean sense. The extent to which the real sea ice retreat is anthropogenically-forced and is causing the observed warming of the Antarctic Peninsula is unclear, and is a topic for future study.
Appendix: Information on pre-industrial control experiments
Some relevant information on pre-industrial control experiments is given in this appendix, including the lengths of the experiments and model drift in surface temperature and latent heat in the Antarctic Peninsula (Table 8) .
(a) (b) (c) Fig. 11 Geographic distribution of composite annual-mean trend in latent heat transport in a ''low elevation'', b ''medium elevation'' and c ''high elevation'' simulations It is computed based on pre-industrial control experiments. Simulated temperature and latent heat trends in 29 twentieth-century hindcasts are included for comparison. The lengths of the pre-industrial control experiments are also included. Assuming the magnitude of model drift is comparable in hindcasts and their corresponding pre-industrial control experiments, we find that model drift in temperature and latent heat is between one and three orders of magnitude smaller than climate trends in almost all hindcasts. Note that only one pre-industrial control experiment is available for each model. The run numbers shown in the table refer to twentieth-century hindcasts only
